Acetyl coenzyme A:salutaridinol-7-O-acetyltransferase, a highly substrate-specific enzyme, has been purified nearly 3,000-fold to homogeneity from Papaver somniferum plant cell suspension cultures. Purification was achieved by fractionated ammonium sulfate precipitation, dye-ligand affinity chromatography on matrex red A, gel filtration, ion exchange chromatography on Mono Q and a second dye-ligand affinity chromatography on fractogel TSK AF Blue. The purified enzyme was a single polypeptide with an M r ‫؍‬ 50,000 displaying an isoelectric point of 4.8, a pH optimum between pH 6 and 9 and a temperature optimum at 47°C. The K m values for the substrate salutaridinol and the co-substrate acetyl coenzyme A were 7 and 46 M, respectively. Salutaridinol-7-O-acetyltransferase catalyzes the stoichiometric transfer of the acetyl group from acetyl coenzyme A to the 7-OH group of salutaridinol yielding salutaridinol-7-O-acetate, which is a new intermediate in morphine biosynthesis. Salutaridinol-7-O-acetate undergoes a subsequent spontaneous allylic elimination at pH 8 -9, leading to the formation of thebaine (1), the first morphinan alkaloid with the complete pentacyclic ring system, or at pH 7 leading to dibenz[d,f]azonine alkaloids that contain a nine-membered ring. Acetylation and subsequent allylic elimination is a new enzymic mechanism in alkaloid biosynthesis, which in the poppy plant can transform one precursor into alkaloids possessing markedly different ring systems, depending on the reaction pH.
The biological pathway from the primary metabolite L-tyrosine to (S)-reticuline, the universal precursor to a large variety of isoquinoline alkaloids in plants, is established in precise detail (2) (3) (4) at the enzyme level. The conversion of (S)-reticuline to its (R)-epimer opens the morphine pathway, which is restricted in the plant kingdom to certain members of the genus Papaver (5) . While the precursor molecule (R)-reticuline only contains three rings with one asymmetric center, the morphine skeleton consists of five rings with five asymmetric centers. Barton and Cohen (6) have proposed that the crucial C-12-C-13 bond of morphine alkaloids that generates the fourth ring can be envisaged as being formed by intramolecular phenolic coupling of (R)-reticuline. Indeed, experimental proof at the precursor feeding level to whole plants has been obtained that (R)-reticuline is transformed to salutaridine by regioselective para-ortho oxidative coupling (7) . The biocatalyst from opium poppy catalyzing this important step has been discovered recently and found to be a cytochrome P-450 enzyme system. (R)-Reticuline is thus converted in the presence of O 2 and NADPH to salutaridine that is in turn reduced stereoselectively to salutaridinol with (7S)-configuration (8 -10) . Only this (7S)-alcohol and not its (7R)-epimer is transformed into thebaine in vivo (7, 11) . This transition involves the closure of the oxide bridge between C-4 and C-5 of salutaridinol, thus generating thebaine, the first biogenetic precursor of morphine containing the pentacyclic ring system. Salutaridinol possesses the correct (7S)-configuration for an allylic syn-displacement of the activated hydroxyl by the phenolic hydroxyl that follows the precedented stereocontrol for S N 2Ј substitution of cyclohexene rings (Refs/ 11-13 and references cited therein). While both alcohols, (7S)-salutaridinol and its biologically inactive (7R)-epimer, can under acid catalysis easily form thebaine (1, 7) , the plant enzyme system strictly discriminates against the unnatural epimer. The mechanism for this discrimination and the mechanism of oxide bridge formation have been a matter of considerable speculation (14) .
We report herein the mechanism by which the plant enzyme is capable of closing the oxide bridge during the transition of salutaridinol to thebaine. A highly substrate-specific enzyme that transfers the acetyl moiety from CoASAc to the 7-OH group of salutaridinol has been discovered and purified to homogeneity. The salutaridinol-7-O-acetate thus formed subsequently spontaneously closes the oxide bridge at a cellular pH of 8 -9 by allylic elimination of acetate to furnish the morphine precursor thebaine.
EXPERIMENTAL PROCEDURES

Materials and Equipment
All plant cell suspension cultures used were provided by our cell culture laboratory. A specific strain of Papaver somniferum capable of producing thebaine in culture (9) was used. The suspended cells were grown in 1-liter Erlenmeyer flasks containing 400 ml of Linsmaier and Skoog medium (15) at 23°C on a gyratory shaker (100 rpm) under constant illumination. Subculturing was done every 7th day. Tissue was harvested by suction filtration, shock-frozen with liquid nitrogen, and stored at Ϫ20°C. Differentiated plants of P. somniferum were grown outdoors and harvested 3-6 days after flowering.
All solvents and reagents were of the highest purity commercially available. Materials for chromatography were purchased from Pharmacia Biotech Inc. (Mono Q HR 5/5, Mono P HR 5/20, Superose 12), Merck (fractogel TSK HW 55S, fractogel TSK AF Blue), and Amicon (matrex red A). CoAS[ 14 C]Ac was obtained from Amersham Corp. AcetoacetylCoA, CoASAc, n-hexanoyl-CoA, malonyl-CoA, n-propionyl-CoA, and succinyl-CoA were purchased from Sigma. All other chemicals were from Merck, Boehringer Mannheim, Sigma or Fluka. Analytical TLC was conducted on Polygram Sil G/UV 254 (Macherey and Nagel) sheets. Alkaloid bands were located under a UV lamp (254 nm), and radioactivity was detected on TLC sheets with a Berthold Automatic TLC * This work was supported by Grant SFB 145 and 369 from the Deutsche Forschungsgemeinschaft and Fonds der Chemischen Industrie. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
Analyzer Tracemaster 20. HPLC 1 was carried out on a Merck-Hitachi HPLC system. FPLC was performed with a Pharmacia FPLC system. Mass spectra were obtained on a Finnigan MAT SSQ 700 spectrometer with NH 3 as a reactant gas. 1 H NMR spectra (360 MHz) were recorded with a Bruker AM 360 instrument with Me 4 Si as internal standard.
Substrate Synthesis
Salutaridine was synthesized according to H]Salutaridinol and [7- 3 H]-7-epi-salutaridinol were synthesized by NaB 3 H 4 reduction (5, 11) of salutaridine; both had specific activities of 17 Ci/mmol. Unlabeled salutaridinol was obtained by the method of (7). Nudaurine was a kind gift of Prof. W. Döpke, Berlin.
Enzyme Assay
The routine enzyme assay mixture for enzyme purification contained in a total volume of 36 l: H]salutaridinol (0.5 Ci, 17 Ci/mmol), salutaridinol (0.56 mM), CoASAc (1.67 mM), phosphate buffer (0.22 M), pH 7, and enzyme solution. Assays with boiled enzyme served as control. Incubation was for 2-20 min at 47°C. The assays were terminated by subjecting 10-l aliquots of the incubation mixture to TLC using chloroform:acetone:diethylamine (5:4:1) as the solvent system. The chromatograms were scanned and quantitated for radioactivity. For the determination of enzyme activity the decrease of salutaridinol was measured at three different times.
Differentiated plants were analyzed for salutaridinol-7-O-acetyltransferase activity by using 7 mM CoASAc instead of 1.67 mM in the standard assay system. In order to determine the stoichiometry of the enzymic reaction, the concentrations of CoASAc and CoA were calculated after HPLC separation using a 5-mm Lichrospher RP 18 column (250 ϫ 4 mm, Merck) according to Knogge et al. (16) .
Purification of Salutaridinol-7-O-acetyltransferase
All isolation and enzyme fractionation procedures were carried out at 4°C. Crude enzyme extracts were prepared by adding 600 g (wet weight) of frozen cells from 7-day-old cell suspension cultures to 900 ml of buffer A consisting of 0.1 mM Tricine/NaOH, pH 7.5, 20 mM 2-mercaptoethanol, and 10% glycerol. The mixture was stirred until completely thawed. The homogenate was filtered through cheesecloth and centrifuged at 10,000 ϫ g for 10 min. The supernatant served as crude extract. Differentiated plant material was, after freezing in liquid nitrogen, powdered in a chilled mortar and then treated exactly like cell culture material.
Step 1: Ammonium Sulfate Fractionation-The crude enzyme extract was subjected to fractionated ammonium sulfate precipitation (40 -80%) with subsequent centrifugation for 15 min at 10,000 ϫ g. The pellet was dissolved in 20 ml of 20 mM Tricine/NaOH buffer, pH 7.5, 20 mM 2-mercaptoethanol, 10% glycerol (buffer B). The obtained enzyme solution was desalted by dialysis against buffer B (5 liters) overnight.
Step 2: Dye-Ligand Affinity Chromatography-The dialyzed enzyme solution was passed through a matrex red A column (2.3 ϫ 8 cm) pre-equilibrated with buffer B (8 ml/h). The column was washed with buffer B, and proteins were then eluted at 16 ml/h with a KCl gradient from 0 to 1 M in buffer B (0 -0.5 M KCl in 10 h, 0.5-1 M KCl in 2 h, 1 M KCl for 4 h). Fractions of 3 ml were collected and assayed for protein and enzyme activity. Active fractions were pooled and concentrated to approximately 1.5 ml using an Amicon stirring cell (membrane PM-10).
Step 3: Gel Filtration-The concentrated protein solution was applied to a fractogel TSK HW 55S column (2.3 ϫ 85.3 cm) that was pre-equilibrated with buffer B. Fractionation was done with the same buffer at a flow rate of 16.5 ml/h. Fractions of 3.5 ml were collected and assayed for protein and enzyme activity.
Step 4: Ion Exchange Chromatography-The fractions of the gel filtration step containing the major activity were pooled and loaded directly onto an FPLC Mono Q column (HR 5/5) equilibrated with buffer B (30 ml/h). The column was washed with 10 ml of buffer B. Elution of the proteins was achieved with a 120-ml linear gradient of 0 -0.3 M KCl in buffer B. Fractions of 2 ml were collected and assayed for protein and enzyme activity. Active fractions were pooled and dialyzed against buffer B (3 liters) overnight.
Step 5: Dye-Ligand Affinity Chromatography-The desalted enzyme solution was applied to a fractogel TSK AF Blue column (1 ϫ 2 cm) pre-equilibrated with buffer B. The column was washed with 3 column volumes of buffer B before salutaridinol-7-O-acetyltransferase was eluted specifically with 0.5 mM CoASAc in buffer B. Fractions of 1 ml were collected and assayed for protein and enzyme activity. Active fractions were pooled and concentrated on Centricon 10 (Amicon). The resulting enzyme preparation was apparently homogeneous on SDS-PAGE and was stored at Ϫ20°C.
Other Methods
The isoelectric point of salutaridinol-7-O-acetyltransferase was determined by chromatofocusing on an FPLC Mono P column (HR 5/20), equilibrated with 25 mM BisTris buffer, pH 6.7, containing 20 mM 2-mercaptoethanol. The column was rinsed with 200 ml of diluted (1:10 with H 2 O) Polybuffer 74 (Pharmacia), adjusted to pH 4, containing 20 mM 2-mercaptoethanol. Fractions of 0.5 ml were collected and tested for pH and enzyme activity. Protein was determined by the method of Bradford (17) using bovine serum albumin as a standard. Polyacrylamide slab gel electrophoresis was carried out in the presence of SDS with the discontinuous buffer system as described by Laemmli (18) . After electrophoresis, protein was detected by staining the gel with silver nitrate (19) . Molecular weight standards for SDS-PAGE (rainbow markers, Amersham) were used in order to estimate the molecular mass of salutaridinol-7-O-acetyltransferase under denaturing conditions. The molecular mass of the native enzyme was determined by gel filtration chromatography on a Superose 12 column (Pharmacia) using the following proteins as standards: bovine serum albumin (67 kDa), ovalbumin (45 kDa), ␤-lactoglobulin (36.5 kDa), and myoglobin (17.8 kDa). Elution was done with buffer B containing 100 mM KCl.
Product Identification
Salutaridinol-7-O-[ 100 l) , the organic layers were concentrated in vacuo and subjected to radio TLC: solvent system chloroform:acetone:diethylamine (5:4:1). A radioactive compound could be detected only in the complete reaction mixture at R f 0.8 that was identical with the R f value of authentic salutaridinol-7-Oacetate. The salutaridinol-7-O-acetate reference was chemically synthesized and rigorously identified ( 1 H NMR) as reported previously (1). Comparison with the enzymatically formed metabolite including mass spectral analysis (electron impact, 70 eV; m/z (relative intensity) ϭ 312 (20) , 311 (100), 296 (29)) ensured that both substances were identical.
[8,9-Dihydro-5H-2,12-dimethoxy-1-hydroxy-7-methyl-dibenz[d,f]azoninium]acetate was produced from salutaridinol in the presence of CoASAc and salutaridinol-7-O-acetyltransferase by incubation at pH 6 -7 and identified by comparing its reduction (NaBH 4 ) product with authentic neodihydrothebaine. For this purpose, neodihydrothebaine was synthesized according to Theuns et al. (20) by treating thebaine with trifluoroacetic acid.
In order to obtain sufficient enzyme generated material, a large scale incubation containing in a total volume of 16 ml: salutaridinol (1.25 mM), CoASAc (2.5 mM), phosphate buffer (31.25 mM), pH 7, and purified enzyme (10 nanokatals) was performed at 47°C for 40 min. After the mixture had been freeze-dried, the residue was suspended in 10 ml of methanol. An excess of NaBH 4 was added portionally, and the whole mixture was stirred for 1 h and then concentrated in vacuo. H 2 O (10 ml) was added, and the mixture was adjusted to pH 8.5 before extracting the product three times with 30 ml of chloroform. The organic layer was dried with sodium sulfate, filtered, and then concentrated in vacuo. The residue was chromatographed (TLC) in solvent system chloroform:acetone:diethylamine (5:4:1), revealing a compound with an R f value of 0.84, identical with that of authentic neodihydrothebaine. The compound was eluted with methanol and concentrated to dryness under reduced pressure. Mass spectral and NMR analyses showed identical values compared with authentic neodihydrothebaine (20) . Mass spectroscopy (electron impact, at 70 eV) yielded m/z (relative intensity): 313 (100), 256 (62), 255 (40). vitro for the first time in crude organelle preparations from cultured poppy cells as reported previously (1) . With CoASAc and H]salutaridinol as substrates, an enzyme assay was developed and radio TLC was used for its quantitation.
Purification of Acetyl Coenzyme A:Salutaridinol-7-O-acetyltransferase-The enzyme was purified from crude extracts of 7-day-old P. somniferum suspension cells as summarized in Table I . After fractionated ammonium sulfate precipitation, the desalted protein solution was subjected to dye-ligand affinity chromatography on matrex red A (Fig. 1A) . The bound enzyme could be eluted nonspecifically with a KCl gradient, resulting in a 95% separation of inactive protein. The gel filtration step was used to desalt the protein solution and to separate the enzymes according to their sizes (Fig. 1B) . The subsequent ion exchange chromatography on Mono Q resulted in a 10-fold increase of specific activity using a linear KCl gradient for enzyme elution (Fig. 1C) . The last and decisive step for the homogeneous preparation of the enzyme was a second dyeligand affinity chromatography on fractogel TSK AF Blue, where only salutaridinol-7-O-acetyltransferase was eluted specifically with its co-substrate CoASAc at a concentration of 0.5 mM (Fig. 1D) . The homogeneous enzyme displayed a single band on SDS-PAGE with an apparent molecular mass of 50 kDa.
Product Formation and Identification-The primary enzyme product was supposed to be an acetylated salutaridinol derivative. A stoichiometric relation of 1:1 for salutaridinol and CoASAc consumed during this reaction indicated that salutar- C]Ac and homogeneous enzyme at pH 7 as described under "Experimental Procedures." Its identity was again proven by comparison with authentic salutaridinol-7-O-acetate (1). Enzymatically formed salutaridinol-7-Oacetate was relatively unstable in aqueous solution, and depending on the pH value, different end products were spontaneously formed. In an enzyme assay performed at pH 8 -9, the main end product was thebaine (Fig. 2) , which was identified by mass spectral (electron impact, 70 eV; m/z (relative intensity) ϭ 311 (100), 296 (17) 3H, NCH 3 ) ) and was identical in all respects to authentic thebaine. In contrast, performing the enzyme assay at pH 6 -7 resulted in the formation of [8,9-dihydro-5H-2,12-dimethoxy-1-hydroxy-7-methyl-dibenz[d,f]azoninium]acetate as the main product (Fig. 3) . This product was identified by comparing its reduction (NaBH 4 ) product with authentic neodihydrothebaine (20) by mass spectral and NMR analyses as described under "Experimental Procedures."
Properties of Salutaridinol-7-O-acetyltransferase-The molecular mass of the acetyltransferase was determined with a Superose 12 precalibrated gel filtration column. The enzyme activity was eluted at a volume corresponding to a protein of 50 kDa. Under denaturing conditions, the purified enzyme showed a single protein band at 50 kDa on an SDS-polyacrylamide gel. These results demonstrate that the acetyltransferase is a monomeric protein, an assumption which was verified by N-terminal amino acid sequencing of the polypeptide. The pH range of the enzyme catalysis was found to be between pH 6 and 9, while the optimal temperature for catalytic activity was at 47°C. After chromatofocusing on Mono P, the enzyme displayed an isoelectric point at pH 4.8.
Cofactor Requirements-Purified salutaridinol-7-O-acetyltransferase requires CoASAc as co-substrate. No reaction was observed in the absence of this cofactor. Careful kinetic analysis (using the standard enzyme assay and HPLC separation of CoASAc and CoA) showed that for each mole of salutaridinol transformed, 1 mol of CoASAc was converted to CoA. The K m value for CoASAc was determined to be 46 M at a fixed concentration of salutaridinol of 0.1 mM. Replacement of CoASAc by n-hexanoyl-CoA and n-propionyl-CoA led to increased K m values of 93 M and 68 M, respectively, and to a decrease of maximal reaction rates (CoASAc ϭ 1.0) calculated to be 0.02 and 0.6, respectively. When CoASAc was replaced by acetoacetyl-CoA, malonyl-CoA, or succinyl-CoA, no transfer reaction was observed.
Substrate Specificity-Salutaridinol, 7-epi-salutaridinol, salutaridine, nudaurine, and (S)-and (R)-reticuline (Fig. 4) were tested as substrates for salutaridinol-7-O-acetyltransferase. Only salutaridinol and nudaurine acted as substrates for the enzyme. Both substrates were acetylated in this enzymic reaction. Nudaurine, a naturally occurring alkaloid and close analogue to salutaridinol from Papaver nudicaule, has only one hydroxy group at carbon 7 indicating again that the acetylation must have taken place there. 7-epi-Salutaridinol, which varies from salutaridinol only in the stereoconfiguration at carbon 7, was not accepted as substrate indicating again the high stereoselectivity of salutaridinol-7-O-acetyltransferase. The K m value for salutaridinol was determined to be 7 M, at a fixed concentration of CoASAc of 0.5 mM. , and Cu 2ϩ caused strong inhibition at a concentration of 1 mM (82, 80, and 57%, respectively). In contrast, Mg 2ϩ and Fe 2ϩ showed no inhibition in that concentration range. The best inhibitors of the enzyme were metal inactivation reagents like 8-hydroxyquinoline (85% inhibition at 0.1 mM), 1,10-phenanthroline (56% inhibition at 0.1 mM), as well as diethyldithiocarbamate (87% inhibition at 0.05 mM); however, no metal requirement was found for this enzyme.
Effect of Thiol-blocking Reagents, Chelating Agents, and Metals on Salutaridinol-7-O-acetyltransferase Activity-Various
Effect of Intermediates of Morphine Biosynthesis on Salutaridinol-7-O-acetyltransferase
Activity-Morphine and various potential precursors and intermediates in the morphinan pathway were tested for their effects on acetyltransferase activity. Tyrosine, tyramine, DOPA, dopamine, codeine and morphine had no effect on enzyme activity at a concentration of 1 mM. In contrast, salutaridine, thebaine, and codeinone showed strong inhibition (74%, 76%, and 55%, respectively) at a concentration of 0.5 mM using enzyme assays containing 20 M salutaridinol and 100 M CoASAc.
Occurrence of Salutaridinol-7-O-acetyltransferase-Salutaridinol-7-O-acetyltransferase activity was, in addition to P. somniferum, also found in Papaver bracteatum cell suspension cultures (6 nanokatals g Ϫ1 dry weight), a species which is known to produce thebaine. The enzyme could not be detected in cell cultures of P. rhoeas, which is free of thebaine and morphine derivatives. Salutaridinol-7-O-acetyltransferase activity could be found in all parts of differentiated P. somniferum plants. The highest activity (nanokatal g Ϫ1 dry weight) was found in shoot (20.3) followed by capsule (13.8), root (6.8), and leaf (2.0) tissue. Cell cultures displayed 9.3 nanokatals g Ϫ1 dry weight and were, therefore, a satisfactory enzyme source, since they were available throughout the year, independent of season.
DISCUSSION
Thebaine, an alkaloid found frequently in the genus Papaver, has been firmly established as biological precursor of morphine (21) . It is the first intermediate of the morphine biosynthetic pathway that contains the pentacyclic ring system of morphine and its congeners. The immediate precursor of thebaine was found to be a reduction product of the dienone salutaridine called salutaridinol-I (7). From a readily separable mixture of epimeric alcohols, salutaridinol-I, not its epimer salutaridinol-II, was biologically active and incorporated in high yield into thebaine as well as into codeine and morphine. This precursor of thebaine, salutaridinol-I, was determined to have the (7R)-configuration (22) . The biochemical conversion of salutaridinol-I into thebaine formally requires loss of the elements of water. This conversion, however, cannot be a concerted one-step process of the S N 2Ј type, which would require a cis-relationship of the hydroxyl group at C-7 and the phenolic hydroxyl, since these two groups are trans in the supposed (7R)-configurated precursor. Closure of the oxide bridge and elimination of the hydroxyl group from C-7 should, therefore, constitute two distinct steps for which two possibilities have been proposed (22) . The first possibility would be the direct displacement at C-7 of a salutaridinol-I derivative (possibly a phosphate ester (14) ) by an enzyme functional group that could yield an enzyme-bound intermediate with the inverted configuration required for S N 2Ј ring closure. The second possibility would be an allylic shift yielding a dienol with conjugated double bonds and a ␤-oriented hydroxyl at C-5 suitable for S N 2Ј displacement by the phenolic hydroxyl group. Clearly an additional step should be involved in this biochemical process.
The mechanism for the transformation of the biological dienol to thebaine is studied in this paper. Recently, the stereochemistry of both epimeric dienols was redetermined (11) . The biologically active precursor of thebaine, the formerly designated salutaridinol-I that readily crystallized and the NMR and CD data of which corresponded exactly to the chemically and the enzymatically (10) generated dienol, was subjected to x-ray crystallography. This technique unambiguously demonstrated that C-7 has the (S)-configuration, opposite to the configuration previously assigned by oxidative degradation. To avoid further confusion in nomenclature, the name salutaridinol without a Roman numeral is now used for the biologically active compound and 7-epi-salutaridinol (7R) for the biologically inactive compound. The biologically active salutaridinol (7S) possesses the correct stereochemical configuration for an allylic syn-displacement of the activated hydroxyl group by the phenolic hydroxyl group that follows the precedented stereocontrol for S N 2Ј substitution at cyclohexene rings (12, 13) .
With the biogenetic precursor possessing the correct stereochemistry, we attempted to search for the enzyme that transforms salutaridinol to thebaine within the poppy plant or cell cultures. Different attempts to find a soluble enzyme capable of closing the ether bridge in salutaridinol failed completely. It was therefore assumed that the enzyme in question might be housed in a cellular organelle (1) . Sucrose density centrifugation of crude P. somniferum cells yielded distinct organellar bands that by electron microscopy and marker enzyme analysis were shown to be mitochondria, proplastids, and glyoxisomes. Separate incubation of these organellar fractions with H]salutaridinol of high specific activity showed conversion of salutaridinol to thebaine in the mitochondrial fraction. Minor conversion was also found in both the proplastid and glyoxisomal fractions, which was attributed to mitochondrial contamination of these fractions. Mitochondria are known to generate ATP and, at first glance, the catalytic activity of that fraction pointed toward the participation of a phosphorylated salutaridinol intermediate, as postulated long ago (14) . Further examinations revealed, however, that mitochondria only supply the co-substrate identified as CoASAc for a soluble cytosolic enzyme that catalyzes the transformation of salutaridinol to thebaine in the presence of this cofactor (1). This soluble enzyme turned out to be an acetyltransferase that acetylated the (7S)-hydroxyl group of salutaridinol to salutaridinol-7-O-acetate. This cytosolic enzyme adhered in minute quantities to the mitochondrial fraction, allowing detection of the reaction for which the mitochondria simultaneously provided CoASAc.
The enzyme that activates the allylic 7-hydroxyl group for an S N 2Ј elimination was purified 3,000-fold to homogeneity at a yield of 2.7%. 7-epi-Salutaridinol was completely inactive as substrate for this enzymic reaction. By a novel mechanism in alkaloid biosynthesis, salutaridinol was acetylated enzymatically at the hydroxy group of C-7 followed by a subsequent spontaneous allylic elimination of acetate yielding the pentacycle thebaine (Fig. 2) . This reaction, however, takes place only between pH 8 and 9.
The pH value of this reaction is therefore critical for the formation of the phenolate anion that initiates the S N 2Ј reaction supported by the favored acetate leaving group.
In contrast, if the homogeneous salutaridinol-7-O-acetyltransferase was incubated in the presence of its substrates at pH 7, hardly any thebaine was formed but rather a completely different reaction product. After borohydride reduction, the compound was identified here as the dibenz[d,f]azonine alkaloid neodihydrothebaine synthesized for the first time by Bentley (23) (Fig. 3) , which has been also isolated previously as a natural product from P. bracteatum (20) . To explain the formation of the imine of neodihydrothebaine from salutaridinol-7-O-acetate at neutral pH, we assume that the migrating carbon atom is exposed to high nucleophilic pressure through the phenolic and methoxy oxygens. A three-dimensional model shows a stereoelectronic ideal, n, , -overlapping of 6 electrons each. The formation of the nine-membered ring system in the dibenz[d,f]azonine alkaloid formed could be interpreted as a stereoelectronically favored vinylogous Retro-Mannich-type reaction with a 1,5-distance to the functional groups, as depicted in Fig. 3 .
P. bracteatum does not produce codeine and morphine. Its biosynthetic pathway stops at thebaine. Thebaine, as shown here for this Papaver species, is synthesized from salutaridinol via the new intermediate salutaridinol-7-O-acetate. Under slightly alkaline conditions, this substance is spontaneously converted to thebaine. A slightly alkaline pH is known to prevail in certain plant organelles (24) . This may also concern organelles of P. somniferum. A minor amount of salutaridinol-7-O-acetate may have escaped or have been transported into the more neutral cytosol where the acetate spontaneously formed the iminium ion of neodihydrothebaine. This intermediate should be easily reduced by NAD(P)H-dependent enzyme systems to neodihydrothebaine, which together with bractazonine is present in this plant at 0.11% (dry weight) (20) . Clearly, the dibenz[d,f]azonine alkaloids of this plant have their biogenetic origin in salutaridinol and not in thebaine. It is remarkable that the genus Papaver has developed one enzyme system for the acetylation of salutaridinol at the expense of CoASAc that, depending on the pH value of the reaction site, spontaneously forms either the morphine precursor thebaine or the end products of the dibenz[d,f]azonine alkaloid type.
This mechanism is one of the extremely rare spontaneous, non-enzyme-catalyzed reactions in natural product synthesis and could possibly be a general one for the formation of dibenzazonine-type alkaloids starting with differently substituted dienols of the morphinan type.
